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   A STUDY OF THE ENERGY DISTRIBUTION OF THE 
      ACTIVE CENTRES OF CATALYSTS BY THE 
      ADSORPTION OF POISONOUS SUBSTANCES. 
            The Decomposition of Hydrogen Peroxide with 
              Platinum Black poisoned by Mercuric Ion. 
                         By MASAO KUBOKAWA. 
                            Introduction. 
    It has frequently been suggested that catalysis does not proceed at uniform 
rate over the whole of an accessible catalytic surface, and the concept of "active 
centre " was put forward by Taylor'), which has been extended by Schwab, Pietch 
and others'), and also by Smekala) from various experimental evidences. 
    With respect o these concepts, it is probable that there are innumerable 
degrees in the activity of the surface atoms which compose the active centres. 
Therefore, it will be of great importance for making clear the mechanism of the 
action of a catalyst o investigate the energy distribution of these centres and tile 
controlling factors.. From the standpoint of chemical kinetics, a number of experi-
ments have already been carried out4). In the present experiment, as one of the 
most appropriate methods of making such an investigation as this, successive 
poisoning is adopted: the change of activity of the catalyst is measured in the 
presence of a poisonous substance which is adsorbed strongly on a catalyst and 
yet is indifferent to the reaction. For the higher the activity of the atoms is, 
the more strongly the poison is adsorbed and so by successive small additions of 
poisonous substances the centres will be spoiled in the order of activity. 
    Many studies on this line have been made and an interesting phenomenon-
selective poisoning-has been discovered. For instance, Vavon and Ilusson°> found 
that a platinum catalyst could be poisoned by addition of a small quantity of 
     1) Proc. Roy. Soc. (A], log, ins (1925); J. Phyr. Chem.. 30, 145 (1926) 
     2) Z. Phrlik. Chem. [B], I, 385 (1928); 2,262: 5. 1 (1929); 12, 427 (1931): Z.Elekbnehen., 35, 
      573 (1929} 
     3) Physik. Z. 26, 707 (1925); 27, 837 (1926); Z.Elekhvcheva, 34, 477 (1923); Z. Phylik., 55, 289 
      (1929). 
     4) Iloriba nd Ri, Rec. Trav., 5I, 641 (1931): Rev. Phys. Chem. Jopan (Japanese Edition), 4, 73 (1930) 
       Ri, ibid., 5, 41 (1931) 
        Ri and Nagamitsu, ilnd., 9, 140 (1935) 
       Kubokawa, ibid., 11, 82, 96 (1937) 
     5) Camp?. rend., 175. 277 (1922)
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  carbon disulphide as far as its action in hydrogenation f propyl ketone was con-
  cerned, but that the catalyst was still active for hydrogenation of piperonal: 
  addition of carbon disulphide in turn suppressed the later reaction, but the catalyst 
  remained effective for hydrogenation of nitrobenzene. Similar studies on selective 
  poisoning have been done by Willstatter and I-Iatt°J, Kubota and Yoshikawa'I, 
  Rideal and R'right°l, and Ghosh and l3akshi°1. These studies, however, have 
  only shown a variety of active centres qualitatively. As to the quantitative study, 
  some experiments were carried out by Maxted and his co-workers101-'If. Their 
  results obtained showed that only one or two kinds of centres participated in a 
  reaction and that so long as the content of a poison was not so large, a linear 
  relation held between the activity and the constant of a poison 
                       k=k° (t -ac), 
  where k is the activity, c the content of a poison, k° the activity in the absence 
  of poison, and a a constant which they called ' poisoning coefficient'. As an 
  example, the decomposition f hydrogen peroxide with platinum black poisoned 
  by mercuric ion is shown in Fig. t."f In many other reactions uch a linear 
  relation possessing an angular point as is seen in the figure has been found. 
        6) Ber. Dtrch. them. Ces., 45, 1471 ( 912). 
        7) Set. Paper Inst. Phi's. Chem- Res., 3, 223 (1925). 
        8) J. Chem. Soc., 127, 1347 (1925). 
        9) J. had. Ch-. Soc.. 6, 749 (1929) 
        to) The linear fall in the activity ofplatinum black in hydrogenation of oleic acid by the increase 
            in the content of mercury, sulphur, arsenic orzinc was observed Maxted, J. Char. Soc., 
          119, 225 (1921) 
        ii) The similar phenomenon i  decomposil ion ofhydrogen peroxide by the increase in the content 
            of mercuric n trate, mercuric chloride or lead acetate was observed. Maxted, ibid., 121, 1760 
         (1922). 
        Iz) It was tested that he concentration of lead or mercury adsorbed by platinum black was pro-
           portional to the concentration originally present i  he system. Maxted, ibid., 127, 73 (19z5) 
        13) The linear fall in the activity ofplatinum black in oxidation of sulphur dioxide by the increase 
            inthe content of arsenic was observed. Maxted and Dunshy, ibid., 1928, 16oo. 
        14) The similar phenomenon i  decomposition of hydrogen peroxidee by the increase in tine content 
            of mercuric chloride was observed. Maxted and Lewis, ibid., 1933, 502. 
        I5) Tile similar phenomenon i  hydrogenation of cro(onic a id, oleic acid and benzoic a id by the 
           increase in the content of mercuric chloride was observed. Marled and Slone, ibid, 1934, 
          26. 
        i6) The similar phenomenon i  hydrogenation of nitrobenzene, ac tophenon, be zene and oleic 
           acid by the increase in the content of mercuric chloride and carbon disulplhidc was observed. 
           Maxted and Stone, ibid., 1934, 672. 
        17) The hydrogenation of crotonic a id with platinum black and that of oleic acid with reduced 
            nickel were studied, and the poisoning coefficients of various substances, such as hydrogen 
            sulphide, sulphur and others, discussed. Masted and Evans, ibid., 1937, 603. 
        is) Martell, "Catalysis and Its Industrial Application,' p. 136. C hurchif, London (i933)
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                         It is seen from this fact that one kind of the 
                         active centres chiefly participates in a reaction, 
 ° while another kind also slightly does. But, in 
a° Pease and Stewart's experiments") on hydrogena-
~° tion of ethylene with copper poisoned by carbon 
1 
 " monoxide
, no linear relation was observed. There-
                           fore, fore, the author re-examined whether the linear 
             Fig. 1. 
                           relation was found, as was by Maxted, with the 
hope of getting some information on the energy distribution of active centres. 
                         Experimental. 
    The effect of mercuric ion on the decomposition f hydrogen peroxide with platinum as 
a catalyst was carefully examined, modifying the methods used by Maxted. Much care was 
taken as to the purity of the catalyst, because any poisonous ubstances adsorbed on the 
catalyst would lessen the number of the kinds of the active centres to participate in the reac-
tion. 
    Hydrogen peroxide was prepared by the reaction between sodium peroxide and sulphuric 
acid, and distilled under educed pressures. Mercuric hloride used as a poison was-obtained 
from Merck. The reaction vessel was made of non-alkali glass. 
    Two methods for preparing platinum black used will be explained below. 
  (1) Experiments with Platinum Black made by Reduction from the Oxide. 
    Catalyst.-Platinum oxide was prepared by Voorhees and Adanis' method") and reduced 
with hydrogen. According to the instructions given by these authors, a solution of platinum 
chloride, with i g. of platinum in 5 c.c. of water, was mixed with zog. of pure sodium nitrate 
in a Pyrex beaker, and the mixture was heated gently to about Soo°C. After the mass was 
cooled, the platinum oxide was washed several times by decantation. Pure hydrogenn was 
passed through the suspension which was heated to ioo°C. Fine suspension of platinum 
black was obtained, the colour being changed black. The catalyst thus obtained may contain 
a small quantity of alkali salt, which is almost indifferent to the decomposition f hydrogen 
peroxide=". The platinum suspension used in the present experiment contained about i mg. 
of platinum in i c.c. 
    Adsorption of Mercuric Ion.-What is required in the present experiments is neither 
    19) J. Am. C/um. Sot., 47, 1235 (r925). 
    20) J. Am. Chem. Soc., 44, 1397 (1922). 
    21) Bancroft, J. Phyt. Chem.. 21, 767 (1917). And this has been also ascertained by the experi-
         ment.
a
,{-
city, but it did not improve the constancy or the velocity constant of 
the first order reaction though its rate was kept constant. The 
experimental results obtained without stirring are given in Results, 
(1). 
    (2) Experiments with Platinum Black prepared 
                 by Electrolysis. 
    A platinum plate (z X 2 cm.) as shown in Fig. z was rotated in 
platinizing solution (3 g. of platinum chloride ; o.or g. of lead acetate; 
ioocc. of water) so as to be covered homogeneously with platinum 
black by the aid of another platinum electrode when current was 
transmitted. The black was attached thinly but tightly for fear of 
its detachment due to violent evolution of gas during the period of 
    22) Stock and I'ohland, Z. .4ngnv. Chem., 39, 791 (1926). 
    23) This is evident from the fact hat neither SCI nor NaCi solution has y 
         ti...
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the content of poison nor the concentration, but tie adsorbed amount of poison on the surface 
of the catalyst. Therefore, the adsorbed amount of mercuric ion was measured for a part of 
the suspension used. 
    The determination of mercuric ion was made by means of a colorimeter, using diphenyl 
carbazide as an indicatorah. The sensitivity was i x io mg. of mercuric ion in 5 c.c- of the 
solution. 
    The experimental result obtained with o.2 g. of platinum black in 220 c.c. of water showed 
that mercuric ion was adsorbed so much that 96.6% of 44.33 mg. added was adsorbed. The 
amount of mercuric ion added per unit weight of the catalyst in the principal experiments is 
smaller than that in this experiment, and so it may be assumed that in them the whole of the 
added quantity is adsorbed. 
    Adsorption equilibrium was almost established about 30 minutes after mixing mercuric 
chloride solution. It can not be regarded as the true equilibrium, for further adsorption 
continued for several days, though the amount was small. There was, however, no difference 
between the decomposition velocity of hydrogen peroxide measured 30 minutes after mixing 
and that measured after a day. It has been admitted that the chlorine ion in a mercuric 
chloride solution added to the suspension has scarcely any influence on the reactiopf. 
    Experimental Method.-A given quantity of mercuric chloride solution was mixed 
with i c.c. of the suspension in each of five tubes, and 3o minutes later 5 c.c. of hydrogen 
peroxide solution was added. In different lapses of time after the addition, hydrogen peroxide 
in each tube was limited with potassium permanganate solution the reaction having been 
stopped by adding concentrated solution of mercuric chloride. 
   Stirring brought for h much increase in the decomposition velo- ~.
      Fig. 2. 
an effect on the rear
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the reaction. The plate was thoroughly cleaned by electrolysis in dilute sulphuric acid, and 
then stored in pure water. 
    Experimental method. -A given quantity of mercuric hloride solution was mixed 
with 150 ce. of water in a beaker as shown in Fig. z and made to adsorb on the black well 
by stirring. The plate was rotated about zoo times a minute. Ass the velocity of stirring so 
much affected that of decomposition, it was kept constant by means of a speed adjuster 
throughout the experiment. In certain lapses of time after adding ioc.c. of hydrogen peroxide 
solution, zc.c. at a time was titrated with potassium permanganate solution. Such a series of 
experiments were carried out exchanging a solution for a new solution for the purpose of 
successive addition of the poison. 
                            Results. 
  (1) Experiments with Platinum Black made by Reduction from the Oxide. 
    The experimental tesults obtained are given in Table i. Assuming that the 
decomposition of hydrogen peroxide was a reaction of the first order, the velocity 
constant k was calculated. c, is the concentration of hydrogen peroxide at t=o 
in gram molecules per toc.c., c the concentration at t minutes, x the number of 
adsorbed mercuric ions. 
                                Table i. 
            (a) x=O c,=35.38XIO-5 (L) x=4.5X1015 co=3o.24Xroa 
       1 cx1o5 kxios t ex 105 kXio3 
       2 26.88 60.5 5 24.15 19.5 
       4 zo.16 61.5 7 23.92 14.6 
        5 18.72 64.1 10 23.23 11.5 
        6 14.88 62.4 15 17.01 16.7 
       10 10.50 53.0 20 16.31 13.4 







e cX 105 kx ioo3 ex IOU k x103
10 23.24 12.8 To 26.So 5.25
20 20.2 9.61 25 23.04 5.91
40 9.07 13-4 40 16.32 8.37
6o 8.88 9.10 55 13.92 7.66
70 8.6o 7.99 8o 10.56 6.65
(e) s=4.SXio'G c0=33.6oxlor (f) z=9.oxco'0 C0°31.mxlo-a
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   Table i is graphically shown in Fig. 3, where x is the number of mercuric 
ions adsorbed. Fig. 4 shows that the relation between log h and log r is linear. 
      (2) Experiments with Platinum Black prepared by Electrolysis. 
   The velocity constant k which was also calculated is given in Table 2 and 
Fig. 5. c denotes the c.c. of a potassium permanganate solution consumed. 
                            Table 2. 























































Fig. 6 shows the relation between log k 
As is seen in Figs. 3 and 5, neither the 
angular point is observed, while the linear 
x in Figs. 4 and 6.
and log x. 
linear relation between k and 
relation is seen between log
x nor 
k and
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   It should be noted in these 
especially when the amount of 







not so satisfactorily constant, 
even though the experiments
24) In the case of the decomposition of hydrogen peroxide with colloidal platinum the results 
   obtained are relatively uniform. (e.g. Bredig and Ikeda, Z. pkysik. Chem.. 31, 324 (1899). 
   Suito, Rev. Phys. Chem. Japan (Japanese Edition), 10, 25r (r936).) Colloidal platinum, however, 
   is inappropriate to the present experiment, because it is coagulated by mercuric ion,
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                            Discussion. 
               General Treatment of Successive Poisoning. 
    The velocity constant k of a catalytic reaction in a heterogeneous ystem is 
expressed as the summation of the velocity constant x of each atom of the centres. 
If there are sir kinds of centres which participate in a reaction, 
                      k= nzi , (t) 
                                        c-~ 
where n, is the number of the surface atoms composing the centres of each kind.
k
                                                        OF $ 
                  Fig. 7. Fig. S. 
    When x and it are placed in the order of i as shown in Fig. 7, k will be 
represented by the area surrounded by discontinuous lines. As already mentioned 
in Introduction, it is supposed that there are innumerable degrees in activity of 
the centres, and so x may be regarded as a continuous function of it; hence 
k= f Axdir, where s denotes he least active c ntre which isthe atom at the s'th 
  !o 
position from that of the most active centre. Suppose that the ion or molecule of a 
poison covers the centre in the order of activity when it was added successively. 
The integration, therefore, should be performed from x, the adsorbed number of 
atoms of the poison, to s to obtain the velocity constant of the surface left free 
by the poison ; hence 
               k= 18=du. (2) 
k is shown by the area indicated by oblique lines in Fig. 8. 
   According to Arrehenius' equation let q represent the heat of activation for 
a certain reaction, and x will be written as 
                        F=fL . r-IRI' (3)
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where a is a constant, while q differs according to the kind of centre'. 
   The energy distribution of the active centres must be known to perform the 
integration of equation (2). Constable"' considered that the strain energy E of 
the metastable atoms of the active centres varies according to their mutual 
distance. Applying the normal aw of errors, the following relation is obtained: 
                    do=f • e sTdE , (4) 
where h is a constant named " distribution constant " to be determined by the 
condition of preparing the catalyst, for example, by the reduction temperature in 
the case of reduced metal, and f another constant. The strain energy E measures 
the magnitude of the external field, which in turn causes the lowering of the 
critical increment q from the maximum value 9 on the reaction centre. Thus 
we have 
                 2 -q=eE, 
where c is a constant. Therefore taking ,9 as a new constant, we have 
                    do=fl • e9'hdq. (5) 
    Cremer and Schwab"), taking E as the excessive nergy of the active centre 
from the energy of an atom in the surface of the normal attice, obtained the similar 
results. If the surface of a catalyst is in statistical equilibrium with the temperature 
of preparation 6, we have, according to Boltzmann's principle, 
                     r/u=f• e 't us dE. (6) 
Taking q,, as the activation energy of the reaction in a homogeneous system 
and )a as the adsorption heat of the reactant in an activated state on a normal 
lattice atom, we have, according to Schwab, 
                     E=qa-A.-q. 
Thus, the relation (5) also proves to hold. 
    Integrating equation (5), c being the integration constant, we have 
                 u=Qh • ells + c . (7)
25) a contains the term of the mean life of a reacting molecule on the surface, but it is considered 
   to be not so much varied by the kind of the centre as compared with the term of the heat of 
    activation as considered by Constable. (See the next note.) 
26) Proc. Roy, Soc. [A], 108. 355 (1925). 
27) Cremer, Z, pkydk. China, [A], 144, 231 (1929). 
   Cremer and Schwab, ibid., 144, 243 (1929). 
   Schwab, Z. phydk. Chem. [B], 5, 406 (i929) j " Kafa4ue,' p. 196-•7, Springer, Berlin (1931).
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Taking logarithms of (7), c being neglected'"', we have 
                log n=q/h+Iog ph 
or 9,=h (log 11-log 8h). 
   Substituting the relation in (3) and then (z) we obtain 
                                   r
"flog n-cog aa)Isr                    k=rz a du . 
a 
   Putting k/.RT- and h/RT• log th-d, we have 
                     k=(4, e T ms n+a du 
                          =aJrell. e,Wn Tdu -
r 
                              =a • e" 
an-T do 
                     -r+1 
                      a a 
    Now putting e . c and 'e a s T *' = d, we 'have 
                 r-I r-r 
                 k= z
   Equation (8) gives the relation between the adsorbed amount of the poison 
x and the velocity constant k. In the case where the content of poison is small 
(x < s), c' becomes negligible in the right hand side of equation (8) ; hence 
                     log k=log c-(7-- I) log x. (9) 
This equation shows the linear relation between log k and log x as shown in 
Figs. 4 and 6. 
            Application of the Treatment to Another Reaction. 
   Let us apply the relation (9) to Pease and Stewart's data of the hydroge-
nation of ethylene at o°C. with a copper catalyst poisoned by carbon monoxide,-
    28) Equation (7)may be rewritten as 
                       n-c=ph.eela, 
        In this equation n-c is always positive, even though n tends to zero in case 9 approaches 
         zero. The values of n in the present experiment are always larger than rout, so that r may 
       be negligible.
3(1937)
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a famous experiment for its elucidation of amazing actions of catalytic poison. 
They found that the addition of o.05 c.c. of carbon monoxide to the copper catalyst 
which had an adsorptive capacity of i c.c. of hydrogen (at i mm. pressure) 
lowered the activity by over goo. Their data are given in Table 3. The 




log x k log k±3 4 .
0 0 L000
OA5 t.35 X loll 18.130 0.120 2.09 147
O.OS 2.16 ., 18.334 0.10$ 2.03 101
0.33 8.93 n 18.951 0.085 1.93 33
0.69 18.67 ., 19271 0.072 1.86 19
1.97 1153.31 19.727 o.o6o 3.78 8
9.14
relation between the activity and the content of poison was expressed by a 
smooth curve. x in the table is the number of adsorbed CO molecules which 
has been calculated assuming that the whole of CO added should be adsorbed.' 
The main parts of their velocity curves were represented by straight lines, i.e. the 
reaction was regarded as of the zero order. Therefore, from the slope of the 
straight line k was calculated by the author ; k in the absence of poison was 
taken as i. The relation between k and x is shown in Fig. 9, and the linear 
relation between log k and log x in Fig. lo. 
    Let us suppose that every atom in the active surface of copper has equal 
adsorptive capacity. Then, as the fraction left open by the adsorbed molecules 
of CO brings about the hydrogenation of ethylene, we have, according to Lang-
muir's isotherm", 
    z9) The adsorbed amount of CO iss unknown, but it can be approximately calculated from the 
         adsorption sotherm of CO on the same catalyst measured by them. The volume ofthe dead space 
         of the vessel used seems less than too c.c., and sa when the adsorbed amount is 9c.c., the amount 
        in the gas phase is to be less than o.66 cc from their isotherm. Therefore, when 9.66 ca is 
        introduced more titan (r- o.66 X too=93% is adsorbed. The curve of the isotherm almost                                 9.fi6 )
         touches the axis of the adsorbed amount when the amount is less than 5c.c. Therefore, the 
        value of .r in Table 3 which was calculated from the amount introduced can be regarded as the 
         adsorbed amount except the data at the lx,ttom of the table. 
    30) coo, the fraction of the surface covered by CO, can be written as coon t+bp, so that the 
         reaction velocity will be to t-o t                     proportional Co° 
I• The constant of proportion was        i
ncluded in k.
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where 6 and p are the adsorption coefficient and the equilibrium pressure of CO 
respectively. Hence we can calculate the value of b, assuming that p is 
proportional to the volume of CO, which is given in the last column of Table 3 
including the constant of proportion. If the active surface be homogene-
ous, the adsorption coefficient h would be constant; but in fact b decreases 
               r.oo
               0.75 
             0.50 
                0.25 
0 
                             50 100 150 200 250X1015 
                        -~ x (Adsorbed number of CO molecule) 
                                     Fig. 9. 
          z5 
         M 2.0 
O 
i 
                    1.5 
               rS i8.5 19 19.5 20 
                                 -. log s 
                                        Fig. to.
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remarkably with the increase in the volume of CO added.") From this evidence, 
it is considered that the active surface isby no means homogeneous, and that the 
adsorption of the poison proceeds from the most active centres to the less active 
ones. 
                     The Distribution Constant h. 
    The distribution constant h can be calculated from the linear relation between 
log k and log x in Figs. 4 and 6: the slope of the straight line gives r-1, or 
h/R7- I. 
   The values of h for two kinds of platinum black used in the decomposition 
of hydrogen peroxide were as follows :
         (I) h,=8.9o (obtained by reduction of platinum oxide with hydrogen 
                       at Ioo°C.), 
         (2) h2=7.15 (prepared by electrolysis at 3o°C.). 
The distribution constant le can be put as 
                 h=R6 
from equations (4) and (6). According to Schwab, 6 is equated to the temperature 
of preparation of the catalyst; hence we have 6,=i7o°C. from (I) and 62=8o°C. 
from (2). These values do not coincide strictly with the temperature of prepara-
tion, but both the order and the relation 6,> 62 are in good agreement 
   Further quantitative studies on the relation between the distribution constant 
and the characteristic temperature ofa catalyst as well as on the variation in the 
activation energy of a reaction with progressive poisoning are in progress.`al 
                             Summary. 
   (t) The decomposition f hydrogen peroxide by platinum black has been 
studied with successive small additions of mercuric ion as catalytic poison. The 
linear relation with an angular point which had been reported by Maxted has 
never been ascertained between the reaction velocity and the adsorbed amount of 
poison. 
    31) Constable pointed out he heterogeneity of thesurface from asimilar calculation. Prat. Cam-
        bridge Pbil, Soc., 23, 832 (1927). 
     32) Masted has reported that he temperature coefficient of the decomposition of hydrogen peroxide 
        did not vary with the content of poison. If the temperature coefficient, however, is elated to
        the activation energy ofthe reaction asusual, it is not probable from the theoretical ground,
3(1937)
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   (2) A linear relation has been. found between the logarithm of the reaction 
velocity and that of the adsorbed amount of poison, and a similar one also found 
in the data of Pease and Stewart. 
   (3) It has been discussed that the energy distribution of the active centres 
can be elucidated by the experiments ofprogressive poisoning. The distribution 
has been treated as according to Boltznfann's principle, which has given the above 
mentioned relation. 
   (4) From the experimental results the distribution constant /s has been 
obtained and the characteristic temperature of the catalyst calculated, being com-
pared with the temperature of preparation. 
   The author wishes to take this opportunity to express his thanks and appre-
ciation to Prof. S. Horiba for his guidance throughout the course of this work 
and to Prof. T. Matsumoto for his valuable criticism on the mathematical deriva-
tion. 
     This paper was presented o Committee of Catalysis of Japan Society for the Promotion f 
Scientific Research. 
        77w Laborafonj of Physical Chemistry, 
            Kyoto Lrrperial University. 
                                                        (ReceivedNovember rr, 1937.)
